The binding of C9 at 0 and 37°C to viable Escherichia coli K-12 periplasmic P-lactamase. In sharp contrast, o-nitrophenyl-4-D-galactoside influx was markedly retarded over a prolonged period, with abrupt permeability increases of the inner membrane toward this molecule being noted just before bacterial cell division occurred. We conclude that killing of E. coli requires binding of C5b-9 complexes containing C9 oligomers to the outer membrane and suggest that formation of pores in the inner membrane occurs when these complexes are "hit" by transiently forming zones of bioadhesion. Formation of the latter may be a dynamic process that is accentuated during cell division and quiescent during the stationary phase.
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). The functional lesions created by these complexes are heterogeneous in size, depending on the number of C9 molecules attached to an individual C5b-8 complex (2, 3, 14) . Completely assembled lesions probably carrying approximately 12 C9 molecules present the classical, ring-structured complement lesions (22) and generate functional pores of 7 to 10 nm across simple lipid bilayers (8, 13, 14) . The majority of C5b-9 complexes assembling on heterologous erythrocyte membranes certainly harbor fewer C9 molecules, however, and several independent studies indicate that the stoichiometry of C9 to C8 on sheep erythrocytes averages only 4:1 to 5:1 (2, 3, 17, 18, 22) . Consensus is being reached that C5b-9 complexes carrying lower numbers of C9, although not necessarily exhibiting the ring ultrastructure, may nevertheless generate functional pores in membranes of heterologous erythrocytes (3) . Strong support for this contention has recently been obtained in a study that showed limited binding of only one C9 molecule per C5b-8 complex on sheep erythrocytes at 0°C. Although the resulting complexes contained no detectable C9 oligomers and exhibited no ring ultrastructure, they produced transmembrane pores of approximately 2-nm effective diameter and caused hemolysis (3) .
In the present study, we incubated serum-sensitive Escherichia coli cells laden with C5b-8 complexes with purified C9 at 0°C and found that this treatment also led to generation of C5b-81C91 complexes on the bacterial cells. However, no * Corresponding author.
loss of viability ensued, despite the presence of 1,000 to 1,500 C5b-9 complexes per CFU. These findings corroborate and extend recent experiments based on C9 titrations in which a similar conclusion was reached that C9 oligomer formation is required for terminal complement complexes to kill E. coli (9) . Measurements of marker fluxes to the periplasmic space and the cytoplasm were undertaken to further analyze the process of transmural pore formation by C5b-9. Evidence is presented that deposition of and pore formation by C5b-9 in the outer membrane is partially dissociable from pore formation in the inner membrane in the stationary phase of bacterial growth. Formation of bioadhesion zones (1) is probably a prerequisite for transmural pore formation by complement and may be a dynamic process that is accentuated during cell division.
MATERIALS AND METHODS
The isolation of C8 and C9 from human serum, the preparation of these radioiodinated components, and the production of C8-depleted human serum (R8 serum) were performed by previously described procedures (2, 3 specifically bindable C9 tracer were usually 25 to 30% of total radioactivity. That bound radioactivity reflected binding of functionally intact C9 was ascertained by hemolytic titrations, in which the hemolytic activity of bindable C9 tracer was similar to the activity of unlabeled C9. Further, when labeled C9 was added as tracer to whole human serum and rabbit erythrocytes were lysed via alternative pathway activation, more than 93% of the membrane-bound radioactivity cosedimented with purified C5b-9 complexes after detergent solubilization and sucrose density gradient centrifugation of the membranes. Finally, more than 80% of the label recovered from such sucrose density gradient fractions comigrated with the C9 monomer and dimer bands upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in the urea-containing 10% SDS-polyacrylamide gels used in this and previous studies. The relatively small amounts of material not entering the gels always contained C8 in addition to C9 (unpublished data), and data interpretation was not markedly influenced by exclusion of an analysis of this poorly characterizable material.
All experiments were conducted with the serum-sensitive E. coli K-12 strain W3110 that has been used in previous studies (10, 20) . The plasmid pBR322 encoding 1-lactamase production (5, 19) 10 ,000 x g, washed three times in PBS, and suspended to approximately 4 x 108 CFU/ml in saline-2% bovine serum albumin (BSA). They were then given a surplus of purified, unlabeled C8 (final concentration, 60 pg/ml) for 15 min at 37°C, washed twice, resuspended in saline-BSA, and incubated with 1013 C9 molecules plus 100,000 cpm of active (bindable) C9 tracer at 0 or 37°C. Samples (0.20 ml) were removed at the given time intervals, the bacteria were pelleted in an Eppendorf centrifuge at 10,000 x g at 4°C (precooled centrifuge) or at room temperature and washed three times in saline-BSA, and specifically bound radioactivity was determined. Background binding was assessed by offering the C9 to untreated bacteria or to bacteria receiving R8 serum without C8.
Viability tests. Samples were appropriately diluted in saline-BSA and plated out in duplicate for colony countings. In experiments in which C9 incubations were performed at 0°C, the washed bacteria were resuspended in saline-BSA to their original volume and postincubated for 15 Additional control experiments were performed in which C5b-7-laden cells were immediately treated with C8 and C9 at 32°C and the ONPG influx was determined. Titration of the minimal number of C5b-9 complexes required to inhibit colony formation was performed as described previously (5a).
Assessment of outer membrane integrity. Cleavage of 7-(thienyl-2-acetamido)-3-(2-(4-N,N-dimethylaminophenylazo)-pyridinium-methyl)-3-cephem-4-carboxylic acid (PA DAC; Calbiochem-Behring, San Diego, Calif.), a chromogenic substrate for periplasmically located P-lactamase (15) , was used to probe the integrity of the bacterial outer membrane. The same E. coli K-12 strain W 3110 containing the P-lactamase-encoding plasmid pBR322 was used in these experiments, and 1-lactamase activity was assayed by previously described procedures (16 shown). This result contrasted with the binding behavior of C8 to erythrocytes laden with C5b-7, which did not exhibit this temperature dependence (3).
To generate C5b-8 cells in the present experiments, bacteria carrying C5b-7 were treated with a surplus of unlabeled C8 at 37°C for 20 min. This resulted in the generation of approximately 1,000 to 1,500 C5b-8 complexes per CFU. The washed and resuspended cells were then postincubated with radiolabeled C9 at 0 or 37°C and washed, and C9 binding was determined. Only limited binding of C9 occurred at low temperature (Fig. 1) . In five experiments, the ratio of C9 bound at 37 versus 0°C ranged between 4.5 and 6.5. The ratio of C9:C8 obtained at 37°C ranged between 5 and 8, and the respective C9:C8 ratios of binding at 0°C ranged between 1 and 1.4. Studies were not performed to discern whether more C9 was initially bound at 37°C but partially released due to killing.
When bacteria were washed, solubilized, and analyzed by SDS-PAGE immunoblotting, membranes treated with C9 at 37°C contained large amounts of C9 dimers, whereas dimer formation was minimal in bacteria receiving C9 at low temperature (Fig. 2 ). Cells incubated with C9 at low temperature were warmed to 37°C for 10 min before being processed for SDS-PAGE. These results were analogous to those obtained in the erythrocyte model and led us to conclude( that treatment of E. coli carrying C5b-8 with C9 at 0°C resulted in limited binding of C9 with little or no formation of C9 oligomers within the individual complexes.
E. coli is not killed by C5b-9 complexes devoid of C9 oligomers. Viability tests yielded all-or-nothing results. Bacteria treated with C5b-7 (800 to 1,000 complexes per CFU) and given C8 as described exhibited no loss of viability. Some C5b-8-dependent killing was observed at higher complex densities. When C9 was added for as little as 1 min at 37°C, total loss of viability occurred. C5b-7 dilution experiments recently led us to conclude that an average of only 50 to 100 C5b-9 complexes per CFU sufficed to prevent multiplication of E. coli if the C9 was added at 37°C (Sa). When C9 was given at 0°C, however, no loss of viability occurred whatsoever, despite the fact that these bacteria carried up to 1,000 C5b-9 complexes per CFU (Fig. 3) . These results demonstrated that formation of C9 oligomers within individual C5b-9 complexes is required for complement to kill E. coli. When cells were incubated with C9 first at 0°C and then at 37°C without washing, killing always occurred.
ONPG influx studies. In an extension of earlier studies that had shown a complement-dependent increase in the permeability of the bacterial inner membrane toward ONPG (6, 7, 12, 23), we recently reported that this permeability increase is specific for the action of C9 and that ONPG permeation tracks killing kinetics (Sa). In the present study, we further used ONPG influx as a simple and reliable criterion for transmural pore that treatment of E. coli cells carrying large numbers of C5b-8 complexes with C9 at 0°C would not generate pores traversing the inner membrane and also sought to determine whether binding of normal C5b-9 complexes containing C9 oligomers might under certain conditions be partially dissociable from the process of transmural pore formation. E. coli cells harboring the P-lactamase plasmid pBR322 were coated with C5b-7 and subsequently brought into the stationary phase by incubation in saline at 37°C for 45 min and subsequent cooling to 0°C for another 1 h. These cells were recultured at 32°C in tryptic soy broth with and without addition of purified C8 and C9 to the broth. The control culture without C8 and C9 was plated out to obtain the growth curve (Fig. 4) . Samples of the C8-and C9-treated cells were removed and assayed for PADAC and ONPG permeation. We found that treatment of C5b-7 cells with C8 and C9 immediately caused disruption of the outer membrane permeability barrier toward PADAC, with maximum cleavage of this substrate being observed already 3 to 5 min after addition of C8 and C9 (Fig. 4) . In contrast, C5b-9-dependent pore formation in the inner membrane as assessed by ONPG cleavage was markedly retarded during the adaptation phase, to the level of 30 to 35% of maximal values. Just before bacterial cell division occurred, there was an abrupt increase in ONPG permeation, which rapidly reached maximum rates. The limiting factor in the ONPG cleavage assay was the rate at which the substrate molecules cross the inner membrane to gain access to cytoplasmicgalactosidase. Hence, the low cleavage values observed at the beginning of the experiment reflected the presence of relatively low numbers of complement pores compared with the high numbers generated with the same amount of C5b-9 in the later stages. These results are interpreted in the sense that the process of C5b-9 binding to and pore formation in the outer membrane of E. coli can be partially dissociated from the process of pore formation in the inner membrane when target cells are in a quiescent, nondividing state.
When C5b-7 cells were treated with C8 and C9 in the log phase of growth, ONPG cleavage occurred immediately without the above described lag phase, tracking the cleavage of PADAC. When C5b-7 cells were allowed to multiply at 32°C to dilute out C5b-7 on the daughter cells (5a) and posttreated with C8 and C9, ONPG influx continued to track C5b-9 killing over the entire period of the experiment, i.e., down to C5b-9 numbers of 50 to 100/CFU (data not shown). When bacteria were given C8 at 37°C followed by C9 at 0°C, washed, and warmed to 32°C, we still observed immediate cleavage of PADAC; however, there was virtually no cleavage of ONPG (Fig. 4) . These results indicated that C5b-81C91 complexes did produce permeability defects across the outer membrane but failed to form pores in the inner membrane.
DISCUSSION
It is recognized that complement lesions generated on a target cell surface are heterogeneous with respect to C9 content. Complexes harboring high numbers of C9 (8 to 12?) exhibit the classical ring ultrastructure, whereas those containing fewer C9 molecules still generate functional transmembrane pores in erythrocytes without presenting the typical ultrastructure. In the erythrocyte model, evidence has been obtained that average binding of a single C9 molecule to C5b-8 on heterologous cells already generates a stable transmembrane pore (3).
On this background, a pressing question arises regarding the biological significance of C9 multiplicity within the individual C5b-9 complexes. Could such multiplicity be relevant to the action of complement on cells other than erythrocytes? While our studies were in progress, one other paper appeared on this subject. Joiner et al. (9) loaded serum-sensitive E. coli with C5b-8 and posttreated the cells with limiting amounts of C9. The bactericidal effects of the C5b-9 complexes vanished when the overall ratio of C9:C8 decreased below a threshold of approximately 3:1. Hence, the authors concluded that C5b-9 complexes containing higher numbers of C9 molecules were required to kill E. coli.
In the present study, we used another experimental approach, the results of which confirm and extend the above data. We have previously reported that binding of only one C9 molecule to C5b-8 occurs on erythrocytes at 0°C (3 
